Divergence of proteins in signaling pathways requires ligand and receptor coevolution to maintain or improve binding affinity and/or specificity. In this paper we show a clear case of coevolution between the prolactin (PRL) gene and its receptor (prolactin receptor, PRLR) in mammals. First we observed episodic evolution of the extracellular and intracellular domains of the PRLR, which is closely consistent with that seen in PRL. Correlated evolution was demonstrated both between PRL and its receptor and between the two domains of the PRLR using Pearson's correlation coefficient. On comparing the ratio of the nonsynonymous substitution rate to synonymous substitution rate ( =d N /d S ) for each branch of the star phylogeny of mammalian PRLRs, separately for the extracellular domain (ECD) and the transmembrane domain/intracellular domain (TMD/ICD), we observed a lower ratio for ECD than TMD/ICD along those branches leading to pig, dog and rabbit but a higher ratio for ECD than TMD/ICD on the branches leading to primates, rodents and ruminants, on which bursts of rapid evolution were observed. These observations can be best explained by coevolution between PRL and its receptor and between the two domains of the PRLR.
Introduction
The prolactin (PRL) receptor (PRLR) is a single-pass transmembrane receptor belonging to the cytokine receptor superfamily , Bole-Feysot et al. 1998 . Receptors in this superfamily share a number of conserved motifs in both the extracellular domain (ECD) and the intracellular domain (ICD; Kelly et al. 1991 , Goffin & Kelly 1996 , such as two pairs of disulfide-bonded cysteines and the WSXWS motif (Rozakis-Adcock & Kelly , 1992 in the ECD. Most sequence similarities are found in the ECD (Bole-Feysot et al. 1998) , which is the binding domain for the ligand. In the PRLR there are 210 residues in the ECD and 24 residues in the transmembrane domain (TMD) in rat and human . In some mammalian species there are several isoforms of the PRLR, but the long form is generally best characterized, and is the only isoform considered here.
The protein hormone PRL is involved in multiple biological processes in mammals (Bole-Feysot et al. 1998) . It shows an episodic pattern of evolution in mammals: during much of mammalian evolution PRL evolved very slowly, but this near-stasis was interrupted by bursts of rapid change during the evolution of primates, artiodactyls, rodents and elephants (Wallis 2000) . PRL has to bind to its receptor to fulfil its function. Accordingly, genes encoding PRL and PRLR should be subject to a mutual selection pressure to maintain or enhance affinity and/or specificity. This raises questions as to whether the PRLR gene in mammals shows a pattern of episodic evolution similar to that of its ligand and, if so, does this represent coevolution of hormone and receptor?
To answer these questions, we calculated evolutionary rates for branches of phylogenetic trees of all known mammalian PRLR genes. An episodic evolutionary pattern was evident and this pattern was independent of tree topology and divergence times used. The coincidence of rapid evolutionary phases with those demonstrated for the PRL gene, together with high Pearson's correlation coefficients and evidence from maximumlikelihood analysis of selective constraint variation suggest that the episodic evolution seen reflects coevolution of the PRLR and its ligand.
Materials and methods

Sequences used
PRLR gene cDNA sequences from 10 eutherian mammalian species are available in GenBank (accession numbers are shown in Table 1 ). In addition, genomic sequence information from dog and chimpanzee is available and therefore we can extract the PRLR coding region sequences of these two species (http:// genome.cse.ucsc.edu/cgi-bin/hgBlat). We used PRLR from a marsupial (brushtailed possum) and a bird (chicken) as outgroups in this study. In the chicken PRLR gene, the cytokine receptor homology (CRH) domain is duplicated and forms two antenna-like structures, each of which corresponds to the ECD of mammalian PRLRs (Tanaka et al. 1992) . To allow comparison with PRLR from mammalian species, we deleted the sequence corresponding to the second antenna-like structure. The PRL cDNA sequences from the same or closely related species as those available for PRLR were also obtained from GenBank (see Table 1 ).
Phylogeny and divergence times
For simplicity and convenience in comparing with PRLs, we used a star phylogeny for mammalian orders, which has been used to calculate evolutionary rates for PRL genes (Wallis 2000) . This approximation assumes that the main orders of eutherian mammals diverged about 75 millon years before present (myBP) (Dayhoff 1972) . Divergence times of other lineages were also kept consistent as far as possible with those used previously (Wallis 1994 (Wallis , 2000 . (Martin 1993) ; capuchin monkey/marmoset, 22 myBP (Goodman et al. 1998) .
Evolutionary analyses
All available cDNA sequences of mammalian PRL and PRLR genes were aligned (separately) using CLUS-TALW (Thompson et al. 1994) . Amino acid p-distance for each branch of the PRLR gene phylogeny was estimated, with deduced amino acid sequences as an input file, using the codeml program in the PAML package (Yang 1997) . To test possible inconsistent rates of amino acid substitution for PRLR, the method of Li & Bousquet (1992) implemented in RRTree (RobinsonRechavi & Huchon 2000) was used for relative rate test. Pearson's correlation coefficient values were calculated by using the statistics software SPSS 10·0·1 (SPSS 1999) . Maximum-likelihood analyses of substitution rates and changes in selective pressure were performed, using codeml in PAML (Yang 1997) . We used the one-ratio model and the free-ratio model of the 'branch-specific' model to test for possible variation of selective pressure during evolution of PRLR gene along different mammalian lineages. The significance of the difference between the two models was estimated by calculating 2 l and compared with the 2 distribution, with degrees of freedom equal to the difference between the number of the parameters of the two models.
Results and discussion
Evolutionary rates of PRLR gene in different mammalian lineages
Aligned amino acid sequences of the PRLR gene from 14 species are shown in Fig. 1 . Amino acid p-distances based on those sequences and the star phylogeny of eutherian mammals were estimated by codeml in PAML, with brushtailed possum and chicken PRLR being used as outgroups. PRLR is a transmembrane receptor containing a signal region, and we therefore divided the sequence data into four subsets representing four functional regions (signal peptide, ECD, TMD and ICD) when calculating amino acid substitution rates. Those rates were mapped onto the star phylogeny shown in Fig. 2 .
For the ECD (Fig. 2B ), the branches leading to pig, rabbit and dog PRLR evolved at rather low rates (0·58 10 9 , 0·59 10 9 and 0·86 10 9 amino acid substitutions/site per year respectively). During the evolution of ruminants (designated branch Ae), rodents (branch Be) and primates (branch Ce), the rates increased markedly to 5·04 10 9 , 4·74 10 9 and 8·57 10 9 amino acid substitutions/site per year respectively, increases of 8-14-fold (for branches Ae, Be and Ce) relative to pig PRLR. An episodic evolutionary pattern has been noted for mammalian PRL, which in most of mammals evolved very slowly, but during the evolution of primates, rodents, ruminants and elephant showed substantial increases in evolutionary rate (Wallis 2000) . Elephant PRLR is not available in GenBank, but for the other three lineages the bursts of rapid evolution in PRL correspond to the high evolutionary rates in the ECD of the receptor shown here. Thus this episodic evolutionary pattern observed in the ECD of the PRLR in mammals, and the difference in evolutionary rates between pig, rabbit, dog and those of primates, ruminants and rodents, probably result from coevolution with the ligand.
For the signal peptide and the TMD region ( Fig. 2A  and C) , we observed no episodic evolution that correlated with that shown by PRL, indicating that the correlation with PRL is specific to the domain involved in ligand binding, and further supporting the coevolution of hormone and receptor. On the other hand, the ICD (Fig. 2D) , which is not directly involved in ligand binding, also shows episodic evolution similar to that of the ECD, though much less marked (Fig. 2D) .
It is noteworthy that these episodes of rapid evolution occurred over a short period during the evolution of artiodactyls, rodents and primates (branches Ae, Be and Ce for ECD in Fig. 2B and branches Ai, Bi and Ci for ICD in Fig. 2D ). In primates the rapid evolution occurred before the split of Old World monkeys and New World monkeys (branches Ce and Ci, Fig. 2 ), in artiodactyls it happened after pigs diverged from ruminants but before the divergence of red deer from cow and sheep (branches Ae and Ai, Fig. 2) , and in rodents it occurred before the divergence of mouse and rat (branches Be and Bi, Fig. 2 ). In each of these three lineages the rate apparently fell back toward the rate seen for rabbit, dog and pig after the phase of rapid change. These observations are consistent with the situation of PRL in mammals (Wallis 2000) , further supporting the idea of coevolution between PRL and its receptor.
To eliminate possible bias due to use of erroneous phylogeny and divergence times, we recalculated evolutionary rates separately for the four domains of mammalian PRLR using an alternative phylogeny based on that of Kumar & Hedges (1998) and alternative divergence times: 40 myBP for divergence of the Old and New World monkeys (Goodman et al. 1998) and 41 myBP as the divergence time for mouse and rat (Kumar & Hedges 1998) . The absolute values of the evolutionary rates changed, but the bursts of rapid change seen in the evolution of ECD and ICD of the PRLR in primates, rodents and artiodactyls, and the relatively low rates for rabbit, dog and pig, were preserved.
The significance of the rate variation observed in mammalian PRLR was tested using the relative rate test implemented in RRTree (Robinson-Rechavi & Huchon 2000) with all sequences shown in Fig. 1 as input files, separately for signal region, ECD, TMD and ICD, and with chicken and brushtailed possum PRLR as outgroups. This method is independent of tree topology and divergence times. The test indicated that for the ECD region rate variations among pig, dog and rabbit were not statistically significant (P>0·05), but the rates on branches leading to ruminants, primates and rodents were significantly different from those of any for pig, dog and rabbit (P<0·01). For the signal region, TMD and ICD we observed no such tendency. This confirms the observed episodic evolution in mammalian PRLR.
Correlated evolution test
Amino acid sequences of PRLR were paired with those of PRL from the same species or a very closely related species where an exact match was unavailable. We substituted PRLR from capuchin with saki and red deer with elk (Table 1) . Pairwise amino acid distance correlations between ligand and receptor were calculated based on Pearson's correlation coefficient value r (Press et al. 1988) . The significance of this value was evaluated by two-tailed t-test, which gives the probability of getting the observed results (P value). Correlation coefficient values and the corresponding P values are shown in Table 2 . The correlation coefficient r was 0·82 (P<0·01) when comparing pairwise distances between PRL and PRLR from the 12 eutherian species (full-length sequences), indicating a highly correlated coevolution between PRL and its receptor. Moreover, we also calculated the r values for ligand versus ECD and ligand versus ICD. The r value between ECD and PRL was 0·76 (P<0·01), indicating highly correlated coevolution between PRL and the ligand-binding domain of PRLR. Interestingly, the ICD and the ligand also showed high correlation (r=0·79, P<0·01). Possibly the ECD and ICD have coevolved, as has been reported for the phosphoglycerate kinase (PGK) gene (r=0·79 and P<0·01 for the N-and C-terminal domains; Coh et al. 2000) . To test this hypothesis, we calculated r between ECD and ICD. A high correlation coefficient value (r=0·80, P<0·01) confirmed our conjecture that the two domains of PRLR show correlated coevolution.
To evaluate the reliability of this method, we carried out a negative control for each test, in which the distance of one gene was randomly assigned to an incorrect partner. We then calculated the correlation coefficients based on these incorrect partners. The results showed no significant correlation between these random distances ( Table 2 ).
Variation of selective pressure for PRLR along different mammalian lineages
The sequence similarity among cytokine receptors is mostly found in the ECD (Bole-Feysot et al. 1998 ), so we expected that the ECD should be subject to more strict selective constraint than other regions and that if the episodic evolution seen in PRLR is the result of coevolution with its ligand, the selective constraints variation pattern for the two genes should be consistent. To test this hypothesis, we used the branchspecific models of the maximum-likelihood method implemented in PAML (Yang 1997) . The free-ratio model, which assumes an independent value (the ratio of the nonsynonymous substitution rate to synonymous substitution rate; =d N /d S ) for every branch, is significantly better than the one-ratio model (2 l=70·18, P<0·001, df=21), suggesting great selective pressure variation among different lineages of mammalian PRLR. So we used the ratio for each branch separately for ECD and TMD/ICD domains under the free-ratio model (Table 3) . We did observe stricter purifying selection in the ECD region than in the TMD/ICD region during the evolution of pig, rabbit and dog PRLR, which evolved relatively slowly. But along the branches showing the rapid evolutionary phases of primates, rodents and ruminants we find the opposite tendency (Table 3) is also observed in the TMD/ICD regions for those branches showing rapid evolution, and this finding can be best explained by correlated evolution between the two domains of PRLR, which is consistent with our above correlation analysis. Furthermore, using a different method, the maximum-parsimony-based 'r' represents Pearson's correlation coefficient value and P represents the significance of this value. Controls were chosen at random from either one of the comparison pair and were not believed to interact between the pairs of genes. method proposed by Zhang et al. (1998) , did not change our main results, suggesting that our result is independent of the method used.
Biological significance of episodic evolution of PRLR and its ligand
Our results provide clear evidence for episodic evolution of the PRLR gene in mammals, and of coevolution with the PRL gene. This study is based on the only 12 eutherian mammal species, representing five mammalian orders, for which the PRLR gene sequence is available and the analysis will have to be refined as PRLRs from more species are identified. Nevertheless, it seems clear that these results reflect adaptive changes, although the basis of these changes is not clear. The main function of PRL in mammals is the regulation of mammary growth and development and of lactation, and although there are substantial differences in mammary physiology and anatomy between different mammalian groups, these do not primarily involve the direct actions of PRL. The binding affinity of PRL to its receptor varies somewhat between species, and it is particularly noticeable that the affinity for the homologous receptor is often much lower than for the heterologous receptor (e.g. Bignon et al. 1994 , Sandowski et al. 1995 , Gertler et al. 1996 . Thus, Bignon et al. (1994) showed that rabbit PRL was at least 100 times less effective than ovine PRL in competing for binding to the ECD of the rabbit PRLR, although for biological activity the difference was much less marked. However, it should be noted that PRL has a number of actions in non-mammary tissues in mammals and indeed is produced at many extrapituitary sites (Ben-Jonathan et al. 1996 , Bole-Feysot et al. 1998 . The relative importance of these various actions may differ between mammalian groups and could provide the basis for the observed episodic evolution, possibly via the mechanism of function-switching (Wallis 1997 , Forsyth & Wallis 2002 . Functional evolutionary changes involving the interaction between a ligand and its receptor may affect affinity and/or specificity. Although increased affinity might provide a basis for a more effective hormonereceptor interaction, it is unlikely that affinity is a limiting factor in determining the effectiveness of PRL in mammals, particularly since as discussed above the binding affinity between the homologous hormone and its receptor may be substantially less than can be achieved when the same receptor binds PRL from a different species. Changes in specificity could provide a more likely basis for the episodic evolution, especially if associated with the appearance of related hormones (see below) and/or changes in the relative importance of different actions of PRL mediated by different receptors. Although there is no evidence for more than one PRLR gene in any of the mammalian species considered here, there is clear evidence for different forms of the receptor protein, produced by different splicing patterns and/or post-translational modification. These processes give rise, for example, to forms of the receptor in which the ICD is truncated (Bole-Feysot et al. 1998) , and it may be that such different forms of the receptor mediate different actions of the hormone. Detailed analysis of the changes that occur during the episodes of rapid coevolution of PRL and its receptor can potentially indicate whether such changes are likely to alter the specificity of hormone-receptor interaction, but in the absence of a three-dimensional structure for any homologous PRL-PRLR complex, such analysis would be difficult and over-speculative. Analysis of the changes that occur in PRL during the burst of evolution in primates in light of the three-dimensional structure of human PRL (Keeler et al. 2003) indicates that none of these occurs in binding site 1 (Wallis et al. 2005) , but binding site 2 is not well-defined. This contrasts with the situation for primate growth hormone, where there are many substitutions in both sites 1 and 2 during the episode of rapid evolution (Liu et al. 2001 , Wallis et al. 2001 .
Particularly interesting is that for each of the lineages on which bursts of rapid evolution of PRLR were observed, a cluster of growth hormone-or PRL-like genes, including genes for placental lactogen, has been reported, rather than a single pituitary PRL gene. Thus, clusters of PRL-like genes are found in rodents and ruminants (Forsyth & Wallis 2002 ) and a cluster of growth hormone-like genes is found in higher primates (Chen et al. 1989 , Golos et al. 1993 , Wallis et al. 2001 . Most other mammalian groups, including pig, rabbit and dog, do not appear to have such a cluster (Talamantes et al. 1980 , Forsyth & Wallis 2002 , and in the case of dog this was confirmed by a BLAST search of the genome sequence. Placental lactogens appear to use the PRLR signaling pathway (Golos et al. 1993 , Soares et al. 1998 , Herman et al. 2000 , Biener et al. 2003 like pituitary PRL. This might suggest that the episodic evolution observed for the PRLR reflects adaptation to the presence of multiple ligands. However, in primates and ruminants at least this episode preceded the duplications that gave rise to placental lactogens (Wallis 1992 (Wallis , 1996 (Wallis , 2000 . An explanation that has been put forward for the corresponding burst of rapid evolution seen in primate growth hormones is that a period of fluctuating demands on the hormone led to rapid evolution by the function-switching mechanism (Wallis 1997 , Forsyth & Wallis 2002 and that this was resolved by gene duplication so that the several actions that had been undertaken by growth hormone were divided among placental and pituitary hormones. A similar explanation may apply in the case of PRL.
Coevolution between PRL and the ECD of its receptor is perhaps not unexpected, but the observation of coevolution between PRL and the receptor ICD is more surprising. However, the interaction between PRL and PRLR to give the receptor dimerization necessary for biological function is very weak when only the ECD of the receptor is studied (Bignon et al. 1994 , Gertler et al. 1996 and may be stabilized or modified by interactions between the ICDs of the two receptor molecules. In this case the ICD would be contributing to hormonereceptor interactions, as well as mediating intracellular signaling, and coevolution with the ICD and PRL would be less surprising.
